ABSTRACT: A study of the effects of conjugated linoleic acid (CLA) on the belly firmness and fatty acid composition of genetically lean pigs was conducted. From 75 to 120 kg live weight, 30 gilts were allowed ad libitum access to a corn-soybean meal diet supplemented with either 1% CLA oil (CLA-60) or 1% sunflower oil (SFO) or were fed the sunflower oil-supplemented diet restricted to the amount consumed by pigs fed the CLA-60 diet (RSFO). Conjugated linoleic acid oil consists of 60% positional and geometric isomers of CLA. Pigs fed SFO exhibited higher average daily gains (0.98 vs 0.80 kg/d, P < 0.01) than RSFO-fed pigs, but there were no effects of dietary treatment on feed intake or feed efficiency. Dietary treatment did not affect (P > 0.05) backfat thickness or longissimus muscle area. Bellies of gilts fed CLA-60 were subjectively evaluated to be firmer (2.91 vs 2.43 or 2.07 ± 0.13, P < 0.01) than those of SFO-or RSFO-fed gilts, respectively. The longissimus muscle of gilts fed CLA-60 contained more saturated fatty acids (39.77 vs 36.04 or 36.73 ± 0.74%,
Introduction
Oleic acid (18:1) is the major component of pig adipose tissue lipids, usually exceeding 40% of the total, but its concentration is poorly related to the firmness of the tissue (Cameron et al., 1990) . Feeding oleic acid does soften pig backfat (Roberts and Enser, 1988) , but it is the concentration of linoleic acid (18:2) that has the 2866 P < 0.001) and less unsaturated fatty acids (60.23 vs 63.96 or 63.27 ± 0.74%, P < 0.001) than that of gilts fed SFO or RSFO, respectively. The belly fat of gilts fed CLA-60 contained more saturated fatty acids (44.45 vs 37.50 or 36.60 ± 0.46%, P < 0.001) and less unsaturated fatty acids (54.78 vs 61.75 or 62.47 ± 0.46%, P < 0.001), resulting in lower iodine values (57.69 vs 66.37 or 65.62 ± 0.91, P < 0.001) than that of gilts fed SFO or RSFO, respectively. Gilts fed CLA-60 accumulated more CLA in the longissimus muscle (0.55 vs 0.09 or 0.09 ± 0.03%, P < 0.01) and belly fat (1.56 vs 0.13 or 0.13 ± 0.15%, P < 0.001) than did gilts fed SFO or RSFO, respectively. Dietary treatment did not affect (P > 0.05) 24-h pH, drip loss or subjective quality evaluations of the longissimus muscle. The effect of supplemental CLA to improve belly firmness is of practical significance and may provide a nutritional solution to carcass fat and belly firmness problems, thereby enhancing the overall value of extremely lean carcasses. highest correlation to subjective and objective measures of fat firmness (Wood et al., 1989) . Increasing linoleic acid intake produces an increase in the concentration of linoleic acid in backfat, resulting in an undesirable decrease in fat firmness Wood et al., 1986; Prescott, 1988) . The concentration of linoleic acid in pig backfat is inversely related to the thickness of the backfat (Wood et al., 1985 (Wood et al., , 1989 . Selection for reduced backfat thickness has resulted in an increase in the concentration of linoleic acid (Wood et al., 1978; Scott et al., 1981) .
Conjugated linoleic acid (CLA) refers to a group of positional and geometric isomers of linoleic acid. Cook et al. (1998) reported that finishing pigs fed diets supplemented with 0.6% CLA for 84 d had decreased backfat and feed intake but growth rate was unaffected, thus feed efficiency was improved. Thiel et al. (1998) fed finishing pigs diets supplemented with 0.6% CLA for 93 d and found a decrease in backfat and improved feed efficiency and belly firmness. O'Quinn et al. (1998) saw no significant effects on pig growth performance or carcass characteristics when a diet supplemented with 0.3% CLA was fed throughout the growing-finishing period. Feeding diets supplemented with 1.2% CLA to pigs from 61.5 to 106 kg live weight reduced feed intake and fat deposition and improved feed efficiency and lean deposition but did not affect rates of gain relative to control pigs (Dugan et al. 1997 ). The present study examines the relationship between dietary CLA, fatty acid composition, and belly firmness of genetically lean pigs.
Materials and Methods

Design of Experiment
At a mean live weight of 75 ± 1.6 kg, 30 genetically lean gilts (offsping of Large White sires × [Landrace × (Duroc-Large White)] dams), were individually penned and allocated within litter to the three dietary treatments (Table 1 ). The dietary treatments consisted of allowing pigs ad libitum access to a conventional cornsoybean meal diet supplemented with either 1.0% CLA oil (CLA-60) or 1.0% sunflower oil (SFO) or feeding pigs the sunflower oil-supplemented diet at a restricted amount equal to that consumed by pigs of the CLA-60 group (RSFO). Conjugated linoleic acid oil contained 58.62% isomers of CLA (Table 2) . Beginning 1 wk before the start of the trial, feed intake of the CLA-60 pigs was determined weekly and fit to a quadratic equation as a function of live weight. The resultant equations were updated weekly to concurrently determine feed intake for RSFO-fed pigs. Individual live weights and feed intake were obtained weekly for 7 wk. At the conclusion of the trial (120 kg live weight), pigs were transported to the Purdue Meat Science Laboratory for slaughter, tissue collection, and carcass evaluation. All procedures were approved by the Purdue Animal Care and Use Committee.
Composition Measurements
At exsanguination, ventral midline belly fat and 10th-rib longissimus muscle samples were collected from the right side of the carcass, frozen in liquid nitrogen, and stored at −80°C until they were assayed for fatty acid composition. Kidney fat (leaf fat) was removed and weighed. After 24 h at 2°C, standard carcass measurements (longissimus muscle area and fat depth at the 10th rib, midline fat depths at the first rib, last rib and last lumbar vertebra, and carcass length) were collected from the left side of the carcass (NPPC, 1991).
Standardized (2-cm-thick) longissimus muscle slices were obtained for determination of drip loss. Bellies (anterior to the 10th rib) were removed from the carcasses and objectively graded by a panel of three evaluators for firmness by measuring the degree to which they bent when suspended over a 1-cm-wide metal bar. A firmness score of 3 (very firm) was recorded if the belly maintained a "suspension angle" greater than 120°. A firmness score of 1 (very soft) was recorded for suspension angles less than 60°. Intermediate bellies received a firmness score of 2.
Lipid and Fatty Acid Analysis
Total lipids were extracted from longissimus muscle and belly fat homogenates by the method of Bligh and Dyer (1959) as previously described (Belury and Kempa-Steczko, 1997) . Fatty acid methyl esters (FAME) were prepared by incubating extracts with tetramethylguanidine at 95°C (Shantha et al., 1993) and quantified by gas-liquid chromatography using a 30-m Omegawax 320 capillary column (Supelco Chromatography Products, Bellefonte, PA). Helium flow rate was 30 mL/min, and oven temperature was programmed to start at 175°C for 4 min and increase to 220°C at a rate of 3°C/min. Identification of FAME was accomplished by comparing retention times of FAME to retention times of pure standards spiked with CLA methyl ester preparations. Fatty acid methyl esters were quantified by determining areas under identified peaks (ChemStation Software; Packard Instrument Company, Meriden, CT). Iodine values (IV) were calculated for the fatty acid composition of belly fat according to the AOAC (1990) equation: IV = (% hexadecenoic acid × 0.950) + (% octadecenoic acid × 0.860) + (% octadecadienoic acid × 1.732) + (% octadecatrienoic acid × 2.616) + (% eicosenoic acid × 0.785) + (% docosenoic acid × 0.723).
Quality Measurements
Fresh pork color, firmness, and marbling scores at the cut surface of the 10th and 11th rib interface were evaluated on the left side of the carcass at 2°C 24 h after exsanguination by a committee of five trained experts. Quality scores were reported according to established guidelines (NPPC, 1991) . Postmortem pH was obtained 24 h after exsanguination by an Ingold glass electrode pH probe (M6/DXK/S7-25, Ingold, Mettler, Toledo, OH). The probe was inserted 2.5 cm deep into the longissimus muscle at a point near the 10th rib. Drip loss was measured by a procedure adapted from Barton-Gade et al. (1993) . A highly trimmed, 2-cm-thick, boneless chop of the longissimus muscle was obtained at 24 h postmortem from a point opposite the 11th rib. Samples were weighed and suspended in a plastic pouch to prevent contact with the released exudate. Drip loss was calculated as the percentage of weight lost by the sample over a 24-h period.
Statistical Analyses
Analyses were conducted using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). Least squares treatment means were obtained assuming a fixed model of the effects of dietary treatment. Treatment means were compared by the LSD procedure. Individual pig was the experimental unit for all traits. Slaughter weight was used as a covariate to account for the effect of random variation in slaughter weight.
Results
Growth, Carcass Composition, and Quality
Gilts in the RSFO group had lower ADG than gilts fed CLA-60 or SFO (P < 0.01), but there were no effects (P > 0.05) of dietary treatment on feed intake or feed efficiency (Table 3) . Dietary treatment did not affect (P > 0.05) backfat thickness, longissimus muscle area, subjective measures of longissimus muscle quality (color, firmness, and marbling), or the longissimus muscle quality characteristics of drip loss and 24 h pH. The bellies of gilts in the CLA-60 group were objectively evaluated to be firmer (2.9 vs 2.4 or 2.1 ± 0.1, P < 0.01) than the bellies of SFO-or RSFO-fed gilts, respectively.
Fatty Acid Composition
Longissimus muscle of gilts in the CLA-60 group had more total CLA (0.55 vs 0.09 or 0.09 ± 0.03%, P < 0.001), more saturated fatty acids (SFA; P < 0.01), and less unsaturated fatty acids (UFA: P < 0.01), resulting in a higher SFA:UFA ratio (P < 0.01) than longissimus muscle of SFO-or RSFO-fed gilts, respectively (Table 4) . Longissimus muscle of gilts in the CLA-60 group did not contain lower concentrations of monounsaturated fatty acids (MUFA) or polyunsaturated fatty acids (PUFA) compared with that of the SFO or RSFO groups (P > 0.05). The amount of CLA deposited in the longissimus muscle (0.55%; Table 4 ) was comparable to the dietary CLA (0.59%) for pigs of the CLA-60 group. Effects of dietary treatment on the fatty acid composition of belly fat were more pronounced than in the longissimus muscle; all but three fatty acids (18:1n-7, 18:3n-6, and 18:3n-3) were affected by the dietary treatment. Belly fat of gilts in the CLA-60 group had more total CLA (1.56 vs 0.13 or 0.13 ± 0.15%, P < 0.001) and SFA (P < 0.001) and less MUFA (P < 0.001) and UFA (P < 0.001), resulting in lower PUFA:SFA (P < 0.001) and higher SFA:UFA (P < 0.001) ratios than belly fat of SFO-or RSFO-fed gilts, respectively. The IV of belly fat was lower for gilts in the CLA-60 group (P < 0.001) than that of SFO or RSFO-fed gilts, respectively. The concentration of CLA deposited in belly fat (1.56%) was three times that of longissimus muscle tissue (0.55%) in pigs of the CLA-60 group. Proportions of CLA isomers deposited in the longissimus muscle and belly of gilts in the CLA-60 group were similar to proportions in CLA oil; 9 cis, 11trans and 10trans, 12cis accounted for 84 to 90% of total CLA isomers.
Discussion
As the swine industry continues to progress toward leaner animals, an antagonistic relationship between carcass leanness and pork quality has been realized. Unfavorable associations have been established between carcass leanness and several aspects of quality (reviewed in Wood, 1984 Wood, , 1995 , especially concerning the integrity of adipose tissue (Kempster et al., 1986; Cliplef and McKay, 1993) . The present study examined the relationship between dietary CLA, fatty acid composition, and belly firmness of genetically lean pigs for which pork quality problems, including decreased fat firmness, were anticipated.
Conjugated linoleic acid was initially isolated and identified as an anticarcinogenic component of fried ground beef (Ha et al., 1987) and has since been shown to occur naturally in other meats and pasteurized dairy products (Chin et al., 1992) . Conjugated linoleic acid has received considerable attention as an anticarcinogen (reviewed in Belury, 1995; Belury and Vanden Hauvel, 1997) , an antiatherogen (Lee et al., 1994; Nicolosi and Laitinen, 1996) , and an insulin sensitizor (Houseknecht et al., 1998) . These and other studies have shown that CLA also affects the growth and body composition of laboratory animals, including enhanced weight gain and improved feed efficiency in rats (Chin et al., 1994) , increased lean body mass in mice (Park et al., 1997) , and decreased body fat in mice (West et al., 1998) .
Previous studies have reported that feed intake is decreased in pigs fed CLA (Dugan et al., 1997; Cook et al., 1998) . Because feed intake can affect the growth and composition of pigs (Campbell, 1988; Leymaster and Mersmann, 1991; Williams et al., 1994) , the present study sought to differentiate between the effects of dietary CLA and the effects of decreased feed intake on belly firmness and fatty acid composition. However, an effect of dietary CLA on feed intake was not realized (Table 3) . This may be due to a shorter duration of supplementing with CLA or supplementing at lower concentrations than what has been previously reported. Because the level of restriction on feed intake was low, the mean feed intake for gilts in the RSFO group was lower than intended because some pigs did not eat the entire amount of feed allocated to them. Reported effects of CLA on growth and composition of pigs are inconsistent (Dugan et al., 1997; Cook et al., 1998; O'Quinn et al., 1998) . This may be due to differences in the isomeric composition of CLA between trials (Pariza et al., 2000) , differences in the concentration and duration of supplementing with CLA, or CLA × genetic population interactions. The effects of CLA to reduce backfat thickness may be easier to demonstrate in genetically fatter populations of pigs, whereas the effects of CLA to improve quality may be easier to demonstrate in populations associated with quality problems.
Fat firmness problems associated with lean genotypes are due to both the thickness (Wood et al., 1985, CLA-60 = 1% conjugated linoleic acid oil offered for ad libitum consumption; SFO = 1% sunflower oil offered for ad libitum consumption; RSFO = 1% SFO restricted to the feed intake level of CLA-60 fed pigs. Significance: NS = not significant, P > 0.05; *P < 0.05, **P < 0.01, ***P < 0.001. 1989) and fatty acid composition Wood et al., 1986; Prescott, 1988) of fat depots. The present study has demonstrated that CLA can affect the fatty acid composition and firmness of fat without increasing the overall fatness of the animal. The beneficial effect of CLA to increase belly firmness is of practical significance and may provide a nutritional solution to carcass fat and belly firmness problems, thereby reducing economic losses due to inferior pork quality. Bellies of gilts in the CLA-60 group were firmer and consisted of higher levels of total saturated fatty acids, lower levels of total unsaturated fatty acids, lower levels of linoleic acid, and lower IV than those of SFOor RSFO-fed gilts. This is consistent with the findings of Kramer et al. (1998) , who demonstrated that inner layer backfat of pigs show a distribution of CLA isomers similar to that found in the dietary CLA oil. Similar, but less significant, effects of CLA on fatty acid composition were observed for the longissimus muscle. This may be due to differences in levels of lipogenic activity between the tissues (Camara et al., 1996) . Differences between the fatty acid composition of tissues from gilts in the RSFO and SFO groups were much smaller than those between tissues from the CLA-60 and SFO groups, so scale feeding does not seem to explain differences in the fatty acid composition of tissues. In the present experiment, two diets that were nearly identical in fatty acid content (CLA-60 and SFO) had dramatically different effects on the fatty acid composition of pig tissues. Therefore, CLA behaves differently from other PUFA; the bellies of gilts in the CLA-60 group demonstrated increased fat firmness associated with increased SFA content. Iodine value is a measure of the degree of unsaturation of a fat, and therefore is an indicator of fat firmness. The effect of CLA to lower the IV may be of practical significance for the rendering industry because IV > 65 may be unacceptably high by some industry standards. Should the healthful effects of CLA which that have been observed in laboratory animals ever be realized in humans, the present study demonstrated that the fatty acid composition of pork can be easily manipulated by incorporation of dietary CLA.
It is well known that all dietary oils are effective in inhibiting fatty acid synthesis in the pig (Allee et al., 1972; Smith et al., 1996) , presumably in favor of the direct deposition of the dietary fat (Wiseman and Agunbiade, 1997) . Dietary PUFA are known to regulate the gene expression of lipogenic enzymes (Allee et al., 1971; Clarke et al., 1990; Smith et al., 1996) and ∆9-desaturase (Kouba and Mourot, 1998) . Although dietary CLA does increase levels of deposited CLA, it further affects a fatty acid composition that does not reflect the composition of the dietary fat (i.e., CLA, a polyunsaturated fatty acid, increased saturated and decreased unsaturated fatty acids in both the longissimus muscle and the belly). The change in fatty acid composition likely reflects a down-regulation of desaturase enzyme activity. Lee et al. (1998) demonstrated an effect of CLA to decrease hepatic steroyl-CoA desaturase mRNA expression, and Belury and Kempa-Steczko (1997) demonstrated that CLA is a suitable substrate for ∆6 desaturase in mouse liver.
Dietary fatty acids may also affect overall fatty acid composition via activation of peroxisome proliferatoractivated receptor-alpha (PPAR-α) to induce peroxisomal β-oxidation (catabolism). It has recently been demonstrated that CLA is an extremely high-affinity ligand and activator of PPAR-α in hepatoma and CV-1 (kidney) cells (Moya-Camarena et al., 1999) . Increased oxidation could contribute to the altered fatty acid composition of intramuscular and belly fat observed for pigs of the CLA-60 group in this study. The effect of insulin to stimulate lipogenesis is differentially affected by dietary fatty acids (Smith et al., 1996) , including CLA (Heckart et al., 1999) . Thus, the presence of CLA within adipose depots may directly affect the flow of fatty acids in adipose, resulting in changes in fatty acid composition and fat firmness.
How CLA affects the fatty acid composition of porcine fat depots is not known. Given the beneficial effects of CLA on belly firmness demonstrated in the present study, and the healthful benefits of CLA demonstrated in other species, the role of CLA in the metabolism of porcine adipose tissue merits further research.
Implications
Conjugated linoleic acid (CLA) is known to function as an anticarcinogen, an antiatherogen, and an insulin sensitizor in laboratory animals. The accumulation of CLA in the longissimus muscle and bellies of pigs may improve the nutritional value of pork products, thereby creating value-added products. Conjugated linoleic acid has been demonstrated to improve the quality of carcasses without affecting leanness. The effect of CLA to improve belly firmness is of practical significance and may provide a nutritional solution to carcass fat and belly firmness problems, thereby reducing economic losses due to inferior pork quality.
